We present evidence supporting the notion that codon usage (CU) compatibility between foreign genes and recipient genomes is an important prerequisite to assess the selective advantage of imported functions, and therefore to increase the fixation probability of horizontal gene transfer (HGT) events. This contrasts with the current tendency in research to predict recent HGTs in prokaryotes by assuming that acquired genes generally display poor CU. By looking at the CU level (poor, typical, or rich) exhibited by putative xenologs still resembling their original CU, we found that most alien genes predominantly present typical CU immediately upon introgression, thereby suggesting that the role of CU amelioration in HGT has been overemphasized. In our strategy, we first scanned a representative set of 103 complete prokaryotic genomes for all pairs of candidate xenologs (exported/imported genes) displaying similar CU. We applied additional filtering criteria, including phylogenetic validations, to enhance the reliability of our predictions. Our approach makes no assumptions about the CU of foreign genes being typical or atypical within the recipient genome, thus providing a novel unbiased framework to study the evolutionary dynamics of HGT.
Introduction
The incessant deluge of completely sequenced genomes has boosted the development of lateral genomics, providing new insights into the nature, prevalence, and evolutionary implications of horizontal gene transfer (HGT) in such critical biological processes as the occupation of new niches and speciation (Berg and Kurland 2002; Gogarten, Doolittle, and Lawrence 2002; Brown 2003) . Laterally acquired genes are usually expected to display atypical codon usage (CU) mainly due to two lines of evidence. First, there are biases toward poor CU in genes with plasmid, phage, and transposon related functions (Sharp and Li 1987; Médigue et al. 1991) . Second, some chromosomes exhibit distinctive regions with atypical sequence compositions (Lawrence and Ochman 1998; Ochman and Bergthorsson 1998; Kaneko et al. 2000) . Given that CU is thought to reflect adaptation of genes to the translational machinery of the host (Ikemura 1981 (Ikemura , 1982 , and foreign genes have not been exposed to the same evolutionary forces as resident genes, it is commonly assumed that foreign genes should exhibit a poorly adapted codon composition. Thus, atypical CU, G1C content, and/or different oligonucleotide frequencies have been routinely used as critical parameters to predict HGT events (Médigue et al. 1991; Karlin, Mrázek, and Campbell 1998; Lawrence and Ochman 1998; Moszer, Rocha, and Danchin 1999; Garcia-Vallvé, Romeu, and Palau 2000) . However, cautious evaluations conclude that current methodologies based on unusual codon abundances and base composition alone are poor indicators of HGT (Koski, Morton, and Golding 2001; Wang 2001) and that comparisons among different approaches generate fewer predictions in common than would be expected by chance (Ragan 2001b) ; nevertheless, methods testing compatible null hypotheses are expected to increase their level of agreement (Lawrence and Ochman 2002; Ragan 2002) . Based on these evaluations, the need to develop new quantitative models to interpret data and assess confidence has been stressed (Ragan 2001a) .
A gene is said to display rich CU if it uses preferentially the most abundant codons within the host genome. Accordingly, poor or atypical CU indicates the preferential use of rare codons, and typical CU reflects a balance between abundant and rare codons. In this work we sought to find out what the actual CU level (poor, typical, or rich) displayed by successfully imported genes was at the moment of acquisition. Thus, it was necessary to collect pairs of imported/exported genes that still conserve the compositional footprint of the donor DNA, without making any a priori assumption about their CU level. The four basic premises in our approach are: (1) candidate xenologous genes (CXGs), or pairs of horizontally exported/ imported genes, must bear similar codon composition independently of whether the CU level of acquired genes is poor, typical, or rich in the recipient genomes; (2) CXGs should have similar lengths; (3) they should display the highest global identity values at the protein level, and thus they should be detected by current computational methods to infer orthology; and (4) the phylogenetic relationship between detected CXGs must contradict the hypothesis of vertical inheritance. The first premise was used to obtain an initial list of candidate xenologs, and the other three allowed the removal of potential false positives. To assess the CU of genes, we designed the Codon-Richness Index (CRI), which quantifies the degree to which individual genes use the most abundant codons within a reference genome. Genes showing low, average, and high CRI identify the three CU levels defined above.
We followed the strategy depicted in figure 1 to detect pairs of CXGs. First, we calculated a CU profile of potential xenologs for 103 representative genomes (see table 1 for a complete list), meaning the account of the CU level that each gene from 102 (donor) genomes would display within the remaining 103rd (recipient) genome. Second, we searched for pairs of exported/imported genes that still conserve their original CU, that is, genes that show similar codon frequencies (first working premise). Because CU similarity might not be enough evidence of HGT, we applied additional filtering criteria, including phylogenetic validations, to strengthen the predictions (i.e., the other three working premises; see Methods and Results). Then, we counted the number of detected xenologous genes at each CU level, from the perspective of their host genomes. Third, we compared the potential HGT CU profile, as obtained from the first step, with the actual HGT CU profile exhibited by predicted xenologs in the second step. The CU comparisons between the actual and the potential CU HGT profiles reveal that most horizontally transferred genes exhibited a typical codon composition at the moment of acquisition, which suggests that poor CU actually represents a strong barrier against successful acquisition and utilization of foreign genes.
Methods

The Codon-Richness Index
To assess and compare the CU level of genes within and across genomes, we designed the CRI based on the genomic overall abundance of all 64 codons. The index quantifies the extent at which individual genes use the most abundant codons within a reference genome. Let G a,i be gene i within genome a, q a,i (c) the relative frequency of codon c in gene G a,i , and p b (c) the probability or relative frequency of codon c in genome b. So, the CRI of gene G a,i based on the codon abundances of genome b is defined as:
This index may be interpreted as the expected utility of a particular codon distribution and constitutes a local score function (Bernardo and Smith 1994) , where higher values are obtained when gene G a,i uses the most abundant codons within genome b. To obtain the CRI values for genome a relative to its own codon abundances, b must refer to genome a (b ¼ a), that is, equation (1) should be evaluated for CRI a (G a,i ); figure 2 illustrates the CRI for all genes in Escherichia coli K12. By means of this strategy (when a 6 ¼ b) we may approach the question of whether or not the codon composition of foreign genes is atypical in recipient genomes.
Classification in Three Codon Usage Levels
We classified all genes into three CU categories or levels containing genes with low, typical, and high CRI, as illustrated in figure 2. We initially observed, in E. coli K12, that by sorting the genes by their CRI, most genes display approximately a constant CRI difference (see the slope of the curve in fig. 2 ). Genes with the lowest and highest CRI show greater differences, thus changing the slope of the curve. When similar curves for all genomes were drawn, it became apparent for almost all cases that the inflexion points, where the slope starts to deviate from typical CRI, embrace about 80% of the genes, thereby suggesting a strategy for the definition of genome-specific thresholds for high and low CRI. For each genome, we estimated its CRI histogram and calculated the CRI values (low and high CRI thresholds) at which the interval of maximum density and minimum length contained 80% of the genes.
Detection of Candidate Xenologous Genes
We devised a Bayesian method to compute the posterior probability that two putative orthologs (POs) are CXGs given the CU differences among all related POs and the probability of the null hypothesis (i.e., the chances that they are not xenologs preserving their original sequence composition). The underlying assumption is that CXGs satisfy all criteria of current methods to detect orthology based on protein sequence comparisons. Thus, CXGs were sought across all genomes as POs, which were chosen using the bidirectional best hit (BDBH) working definition of orthology as previously reported (Moreno-Hagelsieb and Collado-Vides 2002a). Whenever a BDBH was not detected in a given target genome, we used the top scoring BlastP hit as the PO as long as there was no better hit within the reference genome. This is the Ortholog Higher than Paralog (OHTP) definition (Ermolaeva, White, and Salzberg 2001) . All BlastP comparisons were run with a maximum cutoff E-value of 0.001, filtering low information sequences and using the option for a Smith-Waterman final alignment (Schaffer et al. 2001) . We assume that CRI differences between CXGs follow a normal distribution with mean zero and very small standard deviation, r h . Similarly, CRI differences between nonxenologous genes (or POs) were assumed to follow a normal distribution with mean 0 and a standard deviation, r o , much greater than r h . Hence, the required predictive probability would be 
where H(G a,i ) ¼ b represents the hypothesis that gene G a,i was involved in an HGT event with genome b, that is, that genes G a,i and G b,i are CXGs. D is the vector of CRI differences between G a,i and each one of its POs in other 
represents the independent prior beliefs we have in the sense that G a,i and G b,i are CXGs; that is, if a reference gene has n POs then we consider a priori that all n POs have equal chances of being the CXGs, and so, taking into account the null hypothesis H(G a,i ) ¼ 0, that probability is 1/(n11). The threshold to make the initial detection of CXGs was set to the value of the posterior probability of the null hypothesis, that is, evaluating equation (2) for P(H(G a,i ) ¼ 0 j D) and r h ¼ r o . We performed the predictions by stringently defining r h ¼ 0.002804 and r o ¼ 0.1, which translates to the fact that two POs are considered as CXGs if jD a,i (b)j , 0.0075 (note that this difference represents in average 1/18 of the CRI scale, see figs. 2 and 3).
Phylogenetic Analysis
It has been demonstrated that the most similar genes in a local or global alignment are not necessarily the closest neighbors in a phylogenetic tree . Accordingly, our filtering criteria, where we require that pairs of detected candidate xenologs show small CRI differences and the highest global identity at the protein level, might not be enough supporting evidence. Therefore, for each predicted pair of CXGs we estimated protein-based maximum-likelihood (ML) phylogenies and eliminated all predictions producing trees not consistent with the hypothesis of HGT.
A reference topology to perform phylogenetic incongruity tests was obtained by combining three different strategies and then inferring a consensus tree. First, we used the standard taxonomy for prokaryotic genomes, as reported in the NCBI Taxonomy database (Wheeler et al. 2000) . Second, a dendogram was built based on the average protein similarity of all genes shared between each pair of genomes (see elimination of redundant genomes in Moreno-Hagelsieb and Collado-Vides [2002b] ). A distance matrix was generated with these scores and the program FITCH from the Phylip 3.6b suite of programs (Felsenstein 1989 ) was used to generate a tree, allowing for overall global rearrangements. The resulting topology using this criterion matched surprisingly well the current taxonomy of prokaryotes, with only five genomes misplaced (data not shown). Third, from the set of genes previously proposed as good candidates to predict evolutionary relationships among prokaryotes (Zeigler 2003) , we selected those with at least 90 BDBHs in our set of nonredundant genomes, namely atpD, cysS, ffh, glyA, recA, and serS. Phylogenetic analyses of the products encoded by these genes, as well as for all predicted CXGs, were performed as described below. Only those clades/lineages supported by the three approaches were considered as reference.
Multiple alignments of putative orthologous proteins were performed using the program ClustalW (Thompson et al. 1997 ) with default settings. Saturated sites and potentially misaligned regions were removed applying the program Gblocks (Castresana 2000) with default parameters. Protein trees were constructed under the ML optimality criterion and applying the JTT1ÿ model of amino acid substitutions as implemented in PHYML (Guindon and Gascuel 2003) , which accommodates among-site rate variation using a discrete gamma distribution with four rate categories. Nodal support for each JTT1ÿ ML phylogeny was assessed by the analysis of 100 bootstrapped alignments and the resulting consensus tree, which were generated with the programs SEQBOOT and CONSENSE, respectively, in the Phylip 3.6b package. Concerning the set of HGT predictions, we initially parsed automatically each tree and regarded it as a good prediction only if the two putative xenologs shared a terminal node, its bootstrap support was 75%, and if a third PO was present such that it rendered the association between the pairs of predicted xenologs phylogenetically incongruent. Finally, all trees that successfully passed such filters were visually inspected for the quality of the topology and potential problems such as the presence of long branches, poorly resolved clades, multiple paralogs, etc. All doubtful predictions were subsequently discarded. 
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Results
Most Potential Foreign Genes Exhibit Poor Codon Usage from the Perspective of Potential Recipient Genomes
We calculated the CU level of genes by applying a genome-based CU measure, the CRI, designed to quantify the degree to which individual genes use the most abundant codons within a reference genome (see Methods). Then, we set two genome-specific CRI thresholds to classify the genes into three classes-the high-CRI (rich CU class), the typical-CRI (typical CU class), and the low-CRI (poor CU class) (see Methods and fig. 2 ). Next, we performed a massive in silico HGT, which consists in considering each genome in turn as recipient and all other genomes as potential donors. We then computed the CRI that each gene (or potential xenolog) from the donor genomes would display within the putative recipient genome. Finally, we counted the number of potential xenologs that fell into each of the three CU categories based on the CRI they would display in the recipient genomes (see Methods for details). The CU profile formed by the number of potential xenologs entering a genome as poor, typical, and rich is what we call the potential CU HGT profile.
As shown in table 1, 74% of the genes in other genomes are currently low-CRI genes with respect to the potential recipient genomes, 22% would qualify as typical-CRI genes, and 4% as high-CRI genes. Interestingly, a couple of genomes accept as typical genes most genes in other genomes (see X. fastidiosa and P. gingivalis W83). If we restrict the HGT potential estimation to genomes belonging to the same taxonomic category, for instance only within the Proteobacteria, a similar pattern is observed, in that most potential xenologs (65%) would display poor CU in the recipient genome (data not shown). As expected, the number of potential xenologs with typical CU increases as the evolutionary distances decrease. It is worth noting that the HGT potential is consistent with the expectations and results of several authors who have based their work on atypical gene content (Karlin, Mrázek, and Campbell 1998; Lawrence and Ochman 1998; Garcia-Vallvé, Romeu, and Palau 2000) . For instance, from the genes predicted by Lawrence and Ochman (1998) as horizontal acquisitions in E. coli K12 strain MG1655, 503 (84%) had a CRI lower than the genomic mean and 329 (55%) are low-CRI genes (we could only find 601 genes identified by name or position out of their 755 predictions; missing genes might have been removed from the current genome version as a result of over-annotations clean up). Similarly, 310 (82%) of the horizontal acquisitions in E. coli predicted by Garcia-Vallvé, Romeu, and Palau (2000) are genes below the genomic CRI mean, while 207 (55%) are low-CRI genes (we could only find 376 genes by their name, b-number, or position out of their 381 predictions, probably for similar reasons as before). However, we must emphasize that these numbers (the potential CU HGT profile) are quite different from the CRI distribution of detected HGT events (the actual CU HGT profile) as shown below.
Pairs of Xenologs that Resemble Their Original Codon Usage Can Be Detected as Homologs with Very Similar Codon Usage
To work only with representative genomes, we reduced the 148 available prokaryotic genomes to a nonredundant set of 103, by following a previously reported methodology based on the average protein similarity of shared genes between pairs of genomes (Moreno-Hagelsieb and Collado-Vides 2002b). We are aware that the current sample of completely sequenced genomes is not representative enough to ensure we can detect exact pairs of genomes that have been involved in HGT events. Thus, whenever we say we detect a pair of genes exchanged between two genomes, the recipient/donor genomes could well be close relatives of the actual genomes involved. Candidate xenologous genes (CXGs) across all genomes were identified among POs as described in Methods. The rationale is that CXGs are a subset of all genes detectable by current methods to identify orthologs. We are interested in HGT events where the transferred genes still resemble their original CU. Thus, we extracted an initial set of potential CXGs from the set of POs by searching for pairs of POs whose CRI difference is close to zero, when both CRIs are computed using the codon composition of either of the two genomes involved. In other words, only those pairs of POs that use to the same extent the most abundant codons within the donor and/or recipient genome are taken into consideration in order to predict CXGs. In figure 3 we show an example, using H. influenzae and N. meningitidis MC58, to illustrate that CRI differences between CXGs tend to be much smaller than between POs. As would be expected, the number of CXGs showing small CRI differences increases between closely related organisms. We apply a Bayesian method to perform an initial identification of CXGs. The method calculates the posterior probability that two POs with a small CRI difference are CXGs given the CRI differences between all other related POs and the null hypothesis that none of the POs are CXGs (see Methods).
However, it is not the CU criterion alone that discriminates candidate xenologs from POs, but the simultaneous application of other filtering criteria as detailed below. The role of the CU similarity criterion is to guarantee that predicted xenologs will have similar CU, which we regard as an obligatory attribute of the type of HGT events we are interested in. The reliability of the predictions is enhanced by the following criteria: First, predicted xenologs must have approximately the same length (610%). Second, the global identity, at the protein level, between predicted xenologs must be 40% (results with higher identity thresholds are shown below). Third, predicted xenologous genes must be the best hits when all related POs are globally compared with the Needleman-Wunsch algorithm (Needleman and Wunsch 1970) , using default parameters as implemented within the EMBOSS package (Olson 2002) . Fourth, predicted xenologs must be the closest neighbors in a phylogenetic tree, and the topology of the tree must contradict the reference phylogeny of the genomes analyzed (see Methods for a detailed explanation). To minimize ambiguous interpretations, we only considered predictions involving at least five POs (the pair of predicted xenologs plus three other POs), as previously suggested (Syvanen 1994) . The general strategy for HGT detection is summarized in figure 1 .
From the analysis of 103 nonredundant genomes, we detected a total of 375 HGT events involving 730 genes (see table 2); some genes are involved in two or more events. Table S1 in the online Supplementary Material gives details on pairs of xenologous genes and their annotated function. About 36% of the predictions involve hypothetical, putative, or unknown proteins, 28% are enzymes (i.e., reductases, transferases, kinases, dehydrogenases, methylases, mutases, synthases), 19% are involved in transport (if putative genes are included, then the number is 27%), 11% are involved in transcriptional regulation, 4% are genes related to mobile elements, and 2% are drug resistance genes.
To assess the level of conservation of predicted xenologs among closely related genomes, we took the 21 E. coli K12 genes involved in HGT events (see table 2 ) and observed how many of them are present in the other three sequenced E. coli strains (0157H7, 0157H7 EDL933, and CFT073). Using the BDBH definition of orthology, we found two genes confined exclusively to strain K12 or two strains (K12 and other), six shared by K12 and two other strains, and 13 genes shared by all strains. This is not surprising, as the number of genes shared between closely related genomes is huge. Furthermore, 12 out of the 21 E. coli K12 genes involved in HGT have at least two homologs in the other three strains. There are possible explanations for this; foreign genes may coexist with their native homologs and/or, as suggested by other authors, duplication of foreign genes is effectively more common than duplication of indigenous genes (Hooper and Berg 2003) . As expected, the number of conserved xenologs with BDBHs elsewhere decreases with increasing phylogenetic distance. For example, none of the 21 genes in E. coli K12 predicted to be involved in HGT events has a BDBH in H. influenzae, whereas only one gene has a BDBH in X. fastidiosa. Unfortunately, the lack of closely related sequenced genomes on both sides of the probable transferences makes it hard to attain reliable conclusions from this analysis. 
Most Horizontal Gene Transfers Involve Genes with Typical and Rich Codon Usage
As shown in table 2, most HGT predictions involve typical-CRI genes (84%), with apparently little contribution of genes displaying low or high CRI. This contrasts with both the potential shown in table 1 and the common underlying assumption that most HGTs involve genes displaying predominantly poor CU in the recipient genome at the moment of acquisition. Table 2 does not specify which genes are imported or exported in the predictions, and thus about 365 genes (50%) are expected to be acquisitions. Even if we assume that the 81 HGTs involving low-CRI genes (11% of the total HGT predictions) are all gene acquisitions, we would still have 284 genes (the remaining 39% of imported genes) displaying typical to high CRI. That is, at least 78% (284/365) of all predicted gene acquisitions display typical to rich CU. Furthermore, the overall tendencies observed in table 2 are not significantly affected if we vary the stringency on the minimal identity threshold required between predicted xenologs to detect an HGT event (see table 3 ).
Our conclusions rely on the assumption that pairs of candidate xenologs satisfying the four filtering conditions can be regarded as evidence of xenologous genes that still resemble their original CU. These conditions are: (1) CXGs must display similar CRI; (2) they must display similar length; (3) they must show the highest global protein identity; and (4) the relationship between CXGs must contradict the hypothesis of vertical inheritance. However, it could be argued that two genes with rather different CU might yield the same CRI score because it is a weighted average, and, consequently, similar CRIs do not necessarily indicate recent HGT events. Although such a scenario is mathematically possible, the combination of the four criteria makes it unlikely to be the case for CXGs. To corroborate this, we took all predicted xenologs showing at least 80% global protein identity and performed codonwise alignments with their DNA sequences. If CU similarity decays quickly, then most aligned codons should be different. Even for the case of 80% identity, we observe long stretches of DNA sequence identity, which warrants that a substantial fraction of the aligned codons are the same. More specifically, predicted xenologs showing a global protein identity greater than 90% had an average 80% of identical codons in the alignment and 85.6% of average nucleotide identities when running the Smith-Waterman algorithm from the EMBOSS package with default settings. Similarly, those CXGs with global protein identity between 80% and 90% had on average 53% of identical codons and 77% of identities with Smith-Waterman. CXGs with 70%-80% of global protein identity showed an average 72% of DNA sequence identity with Smith-Waterman. Consequently, it is apparent that genes with protein identities 70% have similar CU vectors, leaving little room, if any, to argue that they are different but had a similar CRI by chance.
The CRI of a gene is most sensitive to codon frequency changes when they affect the frequencies of the most abundant codons in the reference genome. Therefore, if changes occur in codons that contribute little to the score (i.e., rare codons), then the CRI will diverge at a slower rate than the DNA sequence identity. For predictions below 70% sequence identity, more differences in the codon usage vectors are observed, but they are located mostly on codons that have no significant influence on CRI. There are also cases where the most abundant codons are essentially the same for two genomes. In such scenarios, the CRI in both donor and acquired genes will vary even more slowly (e.g., E. coli K12 and N. europaea). On the other hand, genes exchanged between genomes with large differences in CU would display very poor CRI values (e.g., an HGT from M. loti to H. influenzae).
For a better assessment of the role of HGT within each CU class (c), the total number of predicted HGT events per CU class (N c ) should be normalized. One possibility is to divide N c by the number of comparisons necessary to detect HGTs in the CU class c, that is, the product of the number of resident genes within class c, r c , and the number of potential foreign genes that would enter directly in the same class (f c ), as indicated by the HGT potential (see table 1), more precisely, N c /(r c f c ). Though correct, this normalization would favor our interpretation that very few successful HGTs involve genes with poor CU, since the number of potential foreign genes that would arrive with low CRI is enormous (see table 1 ). Alternatively, we may relax the normalization criterion and divide N c only by the number of resident genes in the corresponding class (N c /r c ). Such normalization favors low-CRI genes, since, by definition, the typical-CRI area contains 80% of the genes (see Methods), and thus the number of HGTs entering with typical CRI is diluted. Despite such dilution, HGTs with typical CRI were found to occur 1.2 times more frequently than HGTs involving low-CRI genes, whereas HGTs with low CRI were 1.6 times more frequent than HGT with high CRI. However, if we use the former normalization criterion N c /(r c f c ), then for each detected HGT event involving a low-CRI gene there would be 3.7 and 12.7 HGT events involving genes with typical and high CRI, respectively.
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less POs than genes with typical CU, then our predictions might be biased toward genes with typical CU; in our approach less than five POs would exclude such transfers from consideration. Before performing the phylogenetic analyses, there were certainly more HGT predictions because the only filtering criterion was that candidate xenologs had to be the most similar at the protein level; however, even in such circumstances the proportion of genes with poor, typical, and rich CU was essentially the same as that reported in table 2. Although the number of POs will increase as more genomes are sequenced, the proportions of xenologs with poor CU is so low that it is unlikely that it will ever be higher than the proportion of genes with typical CU. Another source of bias might exist between genomes with similar CU; in such cases genes with similar CRI might be found by chance, and the criterion of codon similarity alone could not discriminate between xenologous and orthologous genes. Independently of whether or not the genomes have similar CU, recently exchanged pairs of genes will always display similar CU immediately upon introgression; this situation clearly illustrates and stresses the importance of the phylogenetic and global protein similarity analyses as additional CU-independent filters. Current methods based on atypical sequence characteristics also have important sources of bias. For example, if a given Open Reading Frame (ORF) is highly atypical it might not actually be a true gene. This seems to be the case for a number of reported HGT predictions (Lawrence and Ochman 1998 ) that have been eliminated from the current version of the E. coli K12 genome in the Entrez genome database. In addition, there are alternative phenomena, besides HGT, that might explain the low GC content and/or poor CU in some genes. For instance, a substantial number of genomes have a GC distribution that is skewed toward low GC, and it was suggested that a remote origin for genes showing low GC seems unlikely. Selection for low GC is a more parsimonious explanation, because functional scenarios involving replication or recombination are easily conceivable for these genes (Syvanen 1994) . Genes with low GC might also result from structural constraints, as is the case for ribosomal proteins displaying an excess of lysine residues, coded preferentially by the AAA codon required for RNA protein interactions (Lawrence and Ochman 1997; Ramakrishnan and White 1998) . This also explains why most ribosomal proteins do not show high CRI in E. coli K12 (AAA is not an abundant codon).
Common Predictions with Previous Reports of Horizontal Gene Transfer
Among the predictions obtained in this work there are some that agree with previous HGT reports. For example, there is strong evidence that sodC and bioC were transferred between H. influenzae and N. meningitidis (Kroll et al. 1998) . We correctly detect the transference of bioC. However, sodC is not present in the genome of H. influenzae strain Rd as reported in GenBank. Similarly, a substantial fraction of predicted CXGs is involved in transport (19%), regulation (11%), drug resistance, and mobile elements (6%). These functions are often regarded as exchangeable (Gray and Garey 2001; Scott 2002; Beaber, Hochhut, and Waldor 2004) .
Given the nature of our methodology, we have very few predictions in common with methods based on atypical sequence characteristics. This is expected, as our method is not designed to be exhaustive and the other methods favor genes with poor CU by definition.
The Case of Horizontal Gene Transfer Between Archaea and Thermotoga maritima
We sought another source of information that might either contradict or support the present interpretation. It has been suggested that the eubacterium Thermotoga maritima aquired 24% of its genes from an archaeal source (Nelson et al. 1999; Nesbo et al. 2001) . Even though this number might be an overestimation (Kyrpides and Olsen 1999; , the six predictions we obtained involving T. maritima genes are all exchanges with Archaea (see table S1 in the online Supplementary Material), five showing typical CU and one showing rich CU (see table 2 ). The six genes in Archaea currently show typical or rich CU when seen from within T. maritima. Furthermore, some archaeal genomes (potential donors) show reasonably good CU compatibility with T. maritima. For instance, 64%, 60%, and 58% of all genes in A. fulgidus, P. abyssi, and M. jannaschii, respectively, would show typical to rich CU in T. maritma if they were transferred in this moment, despite the divergence that these genomes have suffered since the original speciation events. These results strengthen the idea that genes showing compatible CU with a potential recipient genome are more likely to be successfully transferred. The reader should be aware that we predict very few HGTs due to five reasons: first, we did not attempt to detect every possible xenolog, just those relevant to answer the fundamental question in this analysis, namely what the actual CU level predominantly shown by foreign genes is at the moment of introgression; second, we only take into consideration completely sequenced genomes; third, taxonomic groups are not evenly represented in the set of complete genomes; fourth, detected xenologs are required to share a terminal node in protein trees; and fifth, there must be at least five POs to uphold our predictions.
Poor Codon Usage Represents a Barrier for Horizontal Gene Transfer
Our results imply that foreign genes arriving with rich or typical CU face selection mainly at the functional level, whereas most genes entering the cell with poor CU would most likely be lost in the same way as pseudogenes are eroded, since their functions might not be fully available to assess any functional advantage due to poor translation. Thus, even though the great majority of genes may actually arrive with poor CU, as illustrated by the HGT potential (see table 1), the cell filters them out. Although it is not clear that barriers, beyond the restriction-modification systems, have evolved to prevent lateral gene exchange among prokaryotes (Gogarten, Doolittle, and Lawrence 2002) , poor CU might well represent such a barrier as a side effect Successful Horizontal Gene Transfer Requires Typical Codon Composition 1891 of defective translatability. Our interpretation makes biological sense, as integration of foreign DNA into the chromosome is a process subject to efficient surveillance and suppression. Studies of homologous recombination in bacteria show that the frequency of integration of exogenous DNA in the chromosome decreases exponentially as sequence divergence increases (Martin 1999; Denamur et al. 2000; Majewski 2001 ). In addition, mechanisms preventing illegitimate recombination in prokaryotes and eukaryotes have been reported (Hanada et al. 1997; Wu, Karow, and Hickson 1999) . Under the assumption that most HGT events are not expected to be adaptive, but neutral or nearly neutral, the probability of fixation in large populations has been shown to be negligible, most likely leading to the ablation of foreign genes (Berg and Kurland 2002) . This is in agreement with our observation that most laterally acquired genes potentially arrive displaying poor CU, but apparently they are strongly selected against due to poor translatability. In contrast, those genes arriving with typical CU have more opportunities to be successfully used by the recipient genome, and thus to persist as long as they provide a reasonable high selection coefficient. We propose that typical CU may well represent a safety or tolerance zone for genes to achieve adequate translation rates and expression levels. This notion is supported by our observation that, at least for E. coli K12, genomic codon frequencies (the reference values to calculate CRI) display correlation levels with tRNA concentrations similar to those exhibited by codon abundances in ribosomal proteins (unpublished material). As most highly expressed genes show typical to high CRI, it seems that displaying typical CU is sufficient to attain adequate translation rates.
Our results are also consistent with the work of Smith and Eyre-Walker (2001) who, based on the fact that highly expressed genes in E. coli possess rare codons, posit that selection toward codon optimization is a relatively weak force. If a foreign gene, successfully integrated into the genome, displays an acceptable codon composition and provides an adequate amount of protein to perform satisfactorily its function (neutral, nearly neutral, or highly adaptive), then there is no need for an additional strong selective pressure to turn its rare codons into abundant codons.
Codon Usage Amelioration Is Unnecessary
We need to re-evaluate the notion that a foreign gene or fragment of DNA (assumed as atypical in sequence characteristics) becomes compositionally more similar to the host genome with increasing residence time. This process has been called ''amelioration,'' after reasoning that it makes a gene ''better'' (Lawrence and Ochman 1997) , implying better translatability. This concept is a natural consequence of methods assuming that most foreign genes display mainly a poor-CU profile. However, as our results indicate, most foreign genes with poor CU are counterselected for successful integration, suggesting that CU amelioration might occur in a small fraction of genes. Of course, once integrated, foreign genes will be subjected to the same mutational biases as the rest of the indigenous genes, and if they had any atypical composition in terms other than CU, like GC content or oligonucleotide compositions (which are related to, but are not, CU), the mutational drift in the genome would ''dilute'' such differences without a dramatic impact on the CU of foreign genes relative to the genomic codon abundances. In fact, it has been observed that some genes may show rich CU but an average GC content (Garcia-Vallvé, Romeu, and Palau 2000; Garcia-Vallvé et al. 2003) , and similarly we have observed genes that show deviant GC content but typical CU. Thus, the process is nothing else than the genetic drift that affects all genes within a genome, most probably making the genes fluctuate randomly within the typical CU area or safety zone without seriously affecting levels of expression.
A substantial number of prophage, transposase, and insertion sequence-related genes display low GC content and poor CU relative to chromosomal genes. However, this is not the case for most genes linked to mobile elements, as more than half of them show typical CRI in the host genome. For example, 60% of the genes in the plasmids of A. tumefaciens C58 and M. loti display typical to high CRI within their respective host genomes. Similarly, we identified 154 genes whose annotated function is directly related to mobile elements in E. coli K12 (e.g., phages, transposons, and plasmids) and found that 96 (62%) genes display typical CRI. This CU compatibility between genes that map to mobile elements and their host genomes is consistent with the previous observation that plasmids tend to show genome signatures similar to those of potential hosts (Campbell, Mrazek, and Karlin 1999) and with the hypothesis that these genome signatures might play an important role in HGT (Karlin 2001) .
Concluding Remarks
We have shown that, despite the huge probability for a foreign gene to display poor CU, most detected HGTs involve genes with typical or rich CU. As there is no reason to assume that evolution today differs from what happened during most of the evolutionary history, successful HGTs should have involved ready-to-use genes. Although it is accepted that a substantial fraction of acquired genes might not be sufficiently atypical to be detected by most published methods (Lawrence and Ochman 2002) , our results indicate that the great majority of recently acquired genes exhibit typical CU. It might be argued that foreign genes enter a genome with poor CU and then move to the typical CU level by means of ''fast amelioration,'' thus escaping detection by our method. Although more detailed studies are required to fully address this issue, our results provide evidence against this alternative. For example, T. maritima still perceives most archaeal CXGs as typical genes. That is, the CRI of the archaeal genes calculated based on the codon abundances of T. maritima falls mainly within the typical-CRI (safety) zone, suggesting that if the genes could be presently transferred, they would arrive mainly with typical CU. This is also true for about 60% of all archaeal genes, not predicted as exchanged with T. maritima, in genomes such as M. jannaschii, P. abyssi, and A. fulgidus (see Results above), which suggests that some potential archaeal donors currently show a strong CU compatibility with T. maritima, and any gene exchange with them would most likely involve typical-CRI genes.
The number of genes predicted here as involved in HGT events is quite small, but we are confident that they constitute a representative sample of true xenologs. Such reduced sample size is not unexpected given the stringent constraints imposed by our phylogenetic validations and given the fact that only those pairs of xenologs still presenting similar DNA sequence characteristics can clarify whether or not the CU of foreign genes is typical or not at the moment of introgression. Nonetheless, this methodology will benefit from the ever-growing number of sequenced genomes, as more pairs of xenologs will be detected. With a greater number of reliable xenologous genes we will be able to explore in greater detail the quantity and quality of lateral exchanges among genomes and thus to understand the behavior of HGT networks. The strategy presented herein provides a conceptual change in the way CU is used to gain a deeper knowledge of the processes involved in horizontal gene transfer.
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